Visceral leishmaniasis is a neglected parasitic disease that has a high fatality rate in the absence of treatment. New drugs that are inexpensive, orally active, and effective could be useful tools in the fight against this disease. We previously showed that N 2 ,N 4 -disubstituted quinazoline-2,4-diamines displayed low-to sub-micromolar potency against intracellular Leishmania, and lead compound N 4 -(furan-2-ylmethyl)-N 2 -isopropyl-7-methylquinazoline-2,4-diamine (4) exhibited modest efficacy in an acute murine model of visceral leishmaniasis. In the present work, thirty-one N 2 ,N 4 -disubstituted quinazoline-2,4-diamines that had not previously been examined for their antileishmanial activity were evaluated for their potency and selectivity against Leishmania donovani, the causative parasite of visceral leishmaniasis. Quinazoline-2,4-diamines with aromatic substituents at both N 2 and N 4 exhibited potent in vitro antileishmanial activity but relatively low selectivity, while compounds substituted with small alkyl groups at either N 2 or N 4 generally showed lower antileishmanial potency but were less toxic to a murine macrophage cell line. Based on their in vitro antileishmanial potency, N 4 -benzyl-N 2 -(4-chlorobenzyl)quinazoline-2,4-diamine (15) and N 2 -benzyl-N 4 -isopropylquinazoline-2,4-diamine (40) were selected for in vivo evaluation of their pharmacokinetic and antileishmanial properties. While 15 displayed a longer plasma halflife and a greater area under the curve than 40, both compounds showed low efficacy in an acute murine visceral leishmaniasis model. Although the present study did not identify new quinazoline-2,4-diamines with promising in vivo efficacy, the reduced in vitro toxicity of derivatives bearing small alkyl groups at either N 2 or N 4 may provide clues for the design of safe and effective antileishmanial quinazolines.
Introduction
Visceral leishmaniasis (VL) is a protozoan parasitic disease affecting mainly poor populations in developing tropical and subtropical areas of the world. Of the approximately 300,000 new cases of VL that occur annually, over 90% are in India, Bangladesh, Ethiopia, Sudan, South Sudan, and Brazil. In the absence of chemotherapy, the mortality rate for those affected by symptomatic VL can approach 100%, 1 fatalities most often arise from secondary infections or hemorrhage. Since a VL vaccine is not available and drugs are critically important for the treatment of symptomatic disease, access to effective drugs is crucial for VL patients. Unfortunately, VL is a neglected disease affecting impoverished populations in the developing world that does not receive adequate attention regarding the development of more effective treatment and prevention.
Antimonials have been used as first line VL drugs for over a century. The relatively recent development of resistance to antimonials on the Indian subcontinent has led to the use of other drugs in this region, although sodium stibogluconate is still considered to be a first line treatment for visceral leishmaniasis in the Americas 2,3 and in Ethiopia. 4 In addition to problems with drug resistance, the side effects of antimonials are well known, and in some cases these side effects may worsen the clinical outcome of VL. 2 Paromomycin, liposomal amphotericin B, and miltefosine are also used for VL treatment. A combination of paromomycin and sodium stibogluconate recently replaced sodium stibogluconate monotherapy as the recommended treatment for VL in South Sudan, 5 and paromomycin monotherapy has been approved for use against VL in India. 6 Liposomal amphotericin B is highly effective against VL on the Indian subcontinent, even when given in a single dose, 7 and various combinations of amphotericin B, paromomycin, and miltefosine evaluated in this region displayed cure rates >97%. 8 Improved access to VL drugs superior to antimonials, such as liposomal amphotericin B and miltefosine, has aided in the development of VL elimination plans in India 9 and in Bangladesh, 10 and a correlation between reductions in VL mortality in India and the use of effective drugs has been noted. 11 Paromomycin, liposomal amphotericin B, and miltefosine display shortcomings, however, which include expense (liposomal amphotericin B and miltefosine), route of administration (liposomal amphotericin B and paromomycin), potential side effects (miltefosine), and decreased effectiveness (miltefosine). 12 To overcome the limitations of existing VL drugs, new oral agents that are inexpensive, safe, and effective are needed. 13 Such agents could be particularly useful as components of VL combination therapy. 14 Although strategies have been devised to develop new oral VL drugs, progress toward this goal has been slow. 15 Only one compound from a new class, the nitroheterocycle fexinidazole, 16 is currently in clinical trials for VL, and much of the preclinical drug development for VL carried out by the Drugs for Neglected Diseases initiative also focuses on nitroheterocycles. 17 As part of our continuing efforts to discover new classes of compounds as VL candidates, we identified and developed 2,4-substituted quinazoline diamines 1-4 that possess activity against intracellular Leishmania donovani. 18 In almost all cases, submicromolar EC 50 values were obtained against a β-lactamase expressing L. donovani strain when at least one of the amino groups was substituted with a benzyl group. 2,4-Quinazoline diamines bearing an N 4 -furan-2-ylmethyl group were generally less potent, although they typically displayed single digit micromolar EC 50 values against the β-lactamase expressing L. donovani strain. N 4 -(Furan-2-ylmethyl)-N 2 -isopropyl-7-methylquinazoline-2,4-diamine (4) also displayed a submicromolar EC 50 value against the β-lactamase expressing L. donovani strain and moderate efficacy in a murine model of visceral leishmaniasis, while two 2,4-quinazoline diamines bearing N 2 -alkyl substituents paired with an N 4 -benzyl group were less active in vivo. In the current paper, we further explore the structural requirements for antileishmanial activity in this series of 2,4-quinazoline diamines and seek to further probe the potential of this class of compounds as new VL candidates (Fig. 1 ).
Results and discussion

Chemistry
The synthesis of the target compounds is shown in Scheme 1. N 2 ,N 4 -Disubstituted quinazoline-2,4-diamines were prepared as previously reported starting from 2,4-dichloroquinazoline 5 and corresponding amines via sequential substitution reactions. 18, 19 Similarly, treatment of 5 with benzyl alcohol afforded 4-(benzyloxy)-2-chloroquinazoline 6, which was then further reacted with benzylamine to give 18. 2-Aryl-or 4-aryl-substituted quinazolines were prepared following previous reports. 20, 21 Treatment of 2,4-dichloro-quinazoline 5 with sodium hydroxide followed by benzylamine provided 2-(benzylamino)quinazolin-4(3H)-one 7. Intermediate 7 was chlorinated with phosphorus oxychloride yielding 4-chloro-substituted quinazoline 8, which was then arylated via palladium catalysis to give 19 and 20. 2-Arylquinazoline 21 was prepared similarly starting from N-benzyl-2-chloroquinazolin-4-amine 9.
Biological evaluation
Our earlier study showed the in vitro potency of N 2 ,N 4 -dibenzylquinazoline-2,4-diamine 1 against intracellular L. donovani. 18 The antileishmanial potency and selectivity of analogs of this compound are given in Table 1 . All but two of these compounds displayed EC 50 values against intracellular L. donovani ranging from 0.39 to 1.1 μM. No clear trend for in vitro antileishmanial activity is observed for compounds substituted with methyl, methoxy, and chloro substituents at the para position of the benzyl groups at N 2 and N 4 , although a methoxy group appears to decrease antileishmanial activity if it is placed at the para position of the N 4 benzyl group as in 11 (EC 50 = 2.5 μM) and 17 (EC 50 = 6.0 μM). Replacing a nitrogen atom with an oxygen atom at position 4 does not appear to affect antileishmanial activity (compare 1 with 18). The antileishmanial selectivity indexes (SI) of these compounds was modest; seven displayed SI values of 5.1-8.2 for intracellular L. donovani compared to murine J774.A1 macrophages while three of these molecules exhibited SI values <3. The effect of an aryl substitution at position 4 when paired with a benzyl substitution at the N 2 atom was also examined, as was an aryl substitution at position 2 when paired with a benzyl substitution at the N 4 atom ( Table 2 ). These compounds (19) (20) (21) were not active against L. donovani up to a concentration of 10 μM.
The most potent quinazoline-2,4-diamine against intracellular L. donovani in vitro from our previous study 18 was N 2 -benzyl-N 4 -methylquinazoline-2,4-diamine 2, which displayed an EC 50 of 0.15 μM against intracellular L. donovani and a selectivity index of 100. Table 3 shows a series of N 4 -methylated analogs of this compound. A dramatic decrease in activity is observed as smaller substituents were placed at N 2 . Aside from the reduction in activity compared to 2, there is no clear SAR trend in this series, as antileishmanial potency fluctuated when going from the N 2 -cyclopentyl derivative 23 (EC 50 = 4.4 μM) to the N 2 -isopropyl and N 2 -ethyl derivatives 24 and 25 (EC 50 values >25 μM) to the N 2 -methyl derivative 26 (EC 50 = 7.6 μM). Those N 4 -methyl derivatives that were tested displayed less toxicity to J774 macrophages compared to the dibenzylated quinazolines shown in Table 1 , however.
Our earlier work showed that N 4 -(furan-2-ylmethyl)-N 2 -isopropyl-7-methylquinazoline-2,4-diamine 4 exhibited promising activity in L. donovani-infected mice when given at a dose of 15 mg/kg/day for five days by the ip route. 18 We thus synthesized analogs where either the furan-2-ylmethyl substituent at N 4 or the isopropyl substituent at N 2 were held constant and substituents at the other exocyclic nitrogen atom were varied (Tables 4 and 5) in an effort to identify compounds with improved in vitro activity to take forward to in vivo evaluation. Of the compounds possessing an N 4 -(furan-2-ylmethyl) substituent (Table 4) , only the derivative 31 bearing a cyclohexyl group at N 2 displayed in vitro potency similar to reference compound 3, but 31 showed negligible selectivity for intracellular L. donovani compared to J774 macrophages. When the N 2 -isopropyl group was held constant (Table 5 , compounds 32-37), promising in vitro antileishmanial activity was observed with the N 4 -benzyl (32, EC 50 = 2.0 μM), N 4 -phenyl (33, EC 50 = 1.9 μM), and N 4 -isopropyl (35, EC 50 = 2.3 μM) substituted analogs. Of these three compounds, the antileishmanial selectivity is best with the diisopropyl derivative 35 (SI >13). In the series of N 4 -isopropyl derivatives (Table 5 , compounds 38-40), the N 2 -benzyl derivative 40 displayed outstanding in vitro potency against L. donovani and good selectivity (SI = 19).
Regarding general SAR trends, quinazoline-2,4-diamines bearing benzyl substituents at both N 2 and N 4 displayed potent antileishmanial activity in vitro, with EC 50 values typically ranging from 0.4 to 1.1 μM, but the SI values for such compounds are less than 10. A phenyl substituent at either position 2 or position 4 caused a loss of activity when the substituent at the other such position was benzylamine, but an N 4 -phenyl group was permitted when the N 2 substituent was isopropyl. Compounds bearing small alkyl substitutions at either N 2 or N 4 were typically less active in vitro, but had the advantage of being less toxic to the macrophage cell line. Compounds were identified that showed both reasonable potency against intracellular L. donovani and relatively low toxicity against the macrophage cell line, such as 26 and 35. These compounds offer a starting point for the design of new antileishmanial quinazolines aimed at maximizing antileishmanial potency while minimizing host toxicity.
Compounds 15 and 40 were selected for the in vivo evaluation of PK properties and for efficacy in a murine model of visceral leishmaniasis on the basis of their sub-micromolar in vitro antileishmanial potency (EC 50 values of 0.61 and 0.38 μM, respectively) and fair to good selectivity (SI values of 5.2 and 19, respectively). The mean plasma and tissue concentration-time profiles of 15 and 40 after ip administration (10 mg/kg) are shown in Figure 2 and the relevant pharmacokinetic parameters are listed in Table 6 . Compared with 40, 15 showed a much slower decrease of plasma concentration with a longer terminal t 1/2 (9.3 h vs 2.1 h). Both compounds accumulated in the target tissues (Table 6 ) with tissue-toplasma partition coefficients ranging from 3.2 to 16 for 40 and 20 to 21 for 15. After adjusting for dose, 15 exhibited 2.8-fold greater plasma AUC than 40. Longer plasma halflife and greater AUC of 15 are consistent with 15 being more metabolically stable (Table 6 ) and exhibiting greater tissue partitioning. Both 15 and 40 were then selected for in vivo antileishmanial evaluation. First, these compounds were examined for their toxicity to BALB/c mice. While 15 and 40 were toxic to the mice at a dose of 30 mg/kg/day × 5 by the ip route, the compounds had no apparent adverse effects on the mice when given by this route at 10 mg/kg/day × 5. This dose was thus chosen for evaluation in our murine model of visceral leishmaniasis. 22 Quinazoline 40 reduced liver parasitemia by only 23.8 ± 7.5% and compound 15 decreased liver parasitemia by 12.0 ± 3.2%, both given ip, compared to infected control groups. The same dose of the control drug miltefosine exhibited 93.6 ± 1.4% inhibition of liver parasitemia when given ip, consistent with our previously reported results. 18,23
Conclusion
As illustrated by the in vivo studies reported here with 15 and 40, the toxicity of the 2,4-quinazoline diamines in mice continues to limit the dose of these compounds that can be administered, restricting the ability to conduct efficacy studies in the murine model of visceral leishmaniasis. The synthesis and evaluation of the 2,4-quinazoline diamines reported here provides further information regarding the antileishmanial SAR of these molecules, however, and lends clues for the synthesis of new analogs with lower toxicity. Future efforts will involve the preparation and testing of 2,4-quinazoline diamines containing isopropyl or related small alkyl substitutions at the exocyclic nitrogen atoms to maximize efficacy and exposure and minimize toxicity in vivo.
Experimental
General methods
All commercially available chemical reagents, except for the boronic acids, and anhydrous solvents were purchased from either Sigma Aldrich, Oakwood Products, Inc. or TCI America and used without any further purification. Boronic acids used were purchased through Frontier Scientific. NMR spectra were recorded at ambient temperature on a 500 MHz Varian NMR spectrometer in the solvent indicated. All 1 H NMR experiments are reported in δ units, parts per million (ppm) downfield of TMS and were measured relative to the signals for chloroform (7.26 ppm), methanol (3.31 ppm) and dimethylsulfoxide (2.50 ppm). All 13 C NMR spectra were reported in ppm relative to the signals for chloroform (77 ppm), methanol (49 ppm) and dimethylsulfoxide (39.5 ppm) with 1 H decoupled observation.
Data for 1 H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, sept = septet, oct = octet, m = multiplet), integration and coupling constant (Hz), whereas 13 C NMR analyses were reported in terms of chemical shift. NMR data were analyzed by using MestReNova Software ver. 5.3.2-4936. The purity of the final compounds was determined to be ≥95% by LC/MS using an Agilent 1100 LC/MSD-VL with electrospray ionization. High resolution mass spectra (HRMS) were performed on an Agilent LC/MSD TOF system G3250AA. Analytical thin layer chromatography (TLC) was performed on silica gel 60 F254 pre-coated plates (0.25 mm) from EMD Chemical Inc. and components were visualized by ultraviolet light (254 nm). EMD silica gel 60 (particle size 40-63 μm) 230-400 mesh was used for all flash column chromatography. 0.55 mmol), 2,4-dichloroquinazoline 5 (100 mg; 0.5 mmol) and sodium hydride (13.3 mg; 0.55 mmol) were combined in dry tetrahydrofuran (2.0 mL). The reaction mixture was first cooled in an ice bath until addition of all material was complete and allowed to come to room temperature. The reaction was monitored by TLC and LCMS until no starting material was observed. The reaction mixture was then treated with water (10 mL) and diluted with dichloromethane (10 mL). The organic layer was separated, washed with equal volumes of water three times, and subsequently dried over sodium sulfate. Purification of the crude material was completed by column chromatography (hexanes/ethylacetate = 6:1) to afford the product 4-(benzyloxy)-2-chloroquinazoline (6) (106 mg; 0.39 mmol) as a white solid in 78% yield. 1 were combined in ethanol (1.2 mL). The reaction was heated in a sealed tube and monitored by TLC and LCMS until no starting material was observed. The reaction was quenched with water (5.0 mL) and diluted with dichloromethane (5.0 mL). The organic layer was separated and washed with the equal volume of water three times, then dried over sodium sulfate Purification of the crude material was completed by column chromatography (dichloromethane/methanol = 10:1) to afford product 18 (98.4 mg; 0.78 mmol) as a white solid in 78% yield. 1 -4(3H)-one (7)-2-(Benzylamino)quinazolin-4(3H) one (7) was prepared over a reaction sequence of two steps. First, 2,4-dichloroquinazoline 5 (1.38 g; 6.9 mmol) was stirred in 1 N sodium hydroxide solution (3.0 mL) and was monitored by TLC and LCMS until no starting material was observed. The solution was then diluted with water (5.0 mL) and filtered. The filtrate was then neutralized with 6 M acetic acid, which afforded a white precipitate. The precipitate was then filtered, dried and used without further purification to afford the intermediate 2-chloroquinazolin-4(3H)-one as a white solid in 95% yield. 1 
2-(Benzylamino)quinazolin
N-Benzyl-4-chloroquinazolin-2-amine (8)-2-(Benzylamino)quinazolin-4(3H)-
one (7) (0.70 g; 2.9 mmol) was added to phosphorus oxychloride (3.5 mL). This solution was refluxed at 110 °C until no starting material was observed by TLC and LCMS. The reaction mixture was then poured over ice and diluted with ethyl acetate (25 mL). The organic layer was separated and washed with equal volume of water three times, then dried over sodium sulfate. Purification of the crude material was completed by column chromatography (hexane/ethylacetate = 10:1) affording product 8 (0.563 g; 2.1 mmol) as a white crystalline solid in 75% yield. 1 
4.2.5.
General procedure for the arylation of chloro-substituted quinazolines to yield aryl-substituted quinazolines 19-21-Mono-chloro-substituted quinazoline (0.37 mmol), boronic acid (0.37 mmol), and 5 mol % of tetrakis-palladium catalyst, were mixed with toluene (1.25 mL) and 1 M solution of disodium carbonate (0.25 mL) in a round bottom flask and kept at room temperature under argon. The progression of the reaction was monitored by TLC and LCMS until no starting material was observed. The reaction mixture was then diluted with dichloromethane (2.0 mL) and the organic layer was separated and washed with an equal volume of water three times and subsequently dried over sodium sulfate. Purification of the final product was completed by column chromatography (hexane/ ethylacetate = 5:1). 2.5.1. N-Benzyl-4-phenylquinazolin-2-amine (19 
4.
In vitro assays
4.3.1. Intracellular L. donovani assay-The activity of compounds against intracellular Leishmania donovani strain MHOM/ET/67/L82 β-lactamase expressing parasites was determined as described previously. 23 
4.3.2.
Macrophage toxicity assay-A cytotoxicity counterscreen was performed using the J774A.1 murine macrophage cell line by the general method described by Salem and Werbovetz 24 with modifications. Briefly, J774A.1 macrophages were maintained in RPMI + GlutaMAX ™ medium (Gibco) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum at 37 °C in a humidified 5% CO 2 atmosphere. Macrophages were plated at a density of 5 × 10 3 cells/well in the presence or absence of serial dilutions of test compounds or podophyllotoxin standard in a final volume of 100 μL. After 72 h incubation under the same conditions described above, 25 μL of a 5 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in water was added to each well, and the plate was returned to the incubator for 2 h. A solution of 10% SDS (w/v) in 50% aqueous dimethylformamide was then added to each well, then the plate was incubated for an additional 3-5 h at 37 °C. Optical densities for each well were then read at 570 nm using a SpectraMax Plus microplate reader (Amersham Biosciences, Piscataway, NJ). The program SoftMax Pro (Amersham Biosciences, Piscataway, NJ) was used to determine IC 50 values according to the dose-response equation , where x is the concentration of test compound, y is the absorbance at 570 nm, a is the upper asymptote, b is the slope, c is the EC 50 value, and d is the lower asymptote.
4.3.3.
Metabolic stability of compounds 15 and 40-Metabolic stability of 15 and 40 was evaluated using pooled mouse liver microsomes supplemented with NADPH as described previously. 18 Plasma (2 μL) or tissue homogenates (10 μL) were mixed with 200 μL of 7:1 (v/v) methanol-water containing 10 nM compound 4 (internal standard). After vortex-mixed for 30 s, mixtures were centrifuged to pellet proteins at 4400 rpm for 10 min. The supernatant was transferred to a new tube and dried using a 96-well microplate evaporator (Model SPE Dry 96; Biotage, LLC, Charlotte, NC, USA) under nitrogen gas at 50 °C, followed by reconstitution with 200 μL of 15% methanol. The reconstituted samples and microsomal incubation mixtures were analyzed for drug concentration using a Waters Xevo TQ-S triple quadrupole mass spectrometer (Foster City, CA) coupled with aWaters Acquity UPLC I-Class system. Compounds were separated on aWaters UPLC BEH C18 column (2.1 × 50 mm; 1. 
Pharmacokinetic analysis of compounds 15 and 40-Compounds 15 and 40
were dissolved in a mixture of DMSO/PEG400/ethanol/water (0.5:5:1:3.5, v/v), the same vehicle used for the efficacy study. Minor reversible overt toxicity (e.g., hypoactivity) was observed with the vehicle treated Swiss Webster mice. The compounds were administered intraperitoneally (ip) to mice at a dose of 10 mg/kg body weight (or approximately 34 and 26 μmol/kg, respectively; dose volume = 5 mL/kg), the same dose used in the efficacy study. Blood sampling time schedules were 0.25, 0.5, 1, 2, 4, 8, and 12 h (n = 3 at each blood sampling time point) after dosing. Blood was collected via the submandibular vein (~40 μL per bleed) or heart (terminal bleed) into lithium heparincoated Microvet ® tubes (Sarstedt Inc., Newton, NC). Terminal blood and tissue samples were collected at 4 and 12 h post ip dose. Liver and spleen of each mouse were excised, rinsed with distilled water, blotted dry with tissue paper, and frozen on dry ice. A piece of frozen tissue was weighed and homogenized in two volumes (v/w) of distilled water (assuming 1 g of wet tissue is equal to 1 mL in volume) for liver (3-fold dilution) or three volumes (v/w) for spleen (4-fold dilution) using a sonic dismembrator (Model 100, Fisher Scientific, Waltham, MA). Plasma and tissue homogenates were stored at −70 °C until UPLC-MS/MS analysis as described below.
4.4.3.
Murine visceral leishmaniasis models-The efficacy of compounds in the acute murine visceral leishmaniasis model was determined by the general method described previously. 22 In these experiments, compounds 15 and 40 were dissolved in DMSO as a 20 mg/ml stock solution and then diluted 1:20 with vehicle (50% PEG 400, 10% ethanol, 35% water resulting in a clear solution after vortexing. The infected control group also received this vehicle, while miltefosine was dissolved in PBS. 22 Mean plasma (○), liver (■), and spleen (▲) concentration-time profiles of compound 15 (A) and compound 40 (B) after ip administration at a dose of 10 mg/ kg to mice. Symbols and error bars represent the mean and standard error of triplicate determinations. Probing the para-position of benzyl substituents of N 2 ,N 4 -disubstituted quinazoline-2,4-diamines Table 2 Probing 2-phenyl or 4-phenyl-substituted quinazolines Table 3 Probing N 2 -substituents of N 4 -methyl-quinazoline-2,4-diamines Table 4 Probing N 4 -substituents of N 2 -furfuryl-quinazolines Table 5 Probing 4-or 2-substitutions of N 2 -iso-propyl or N 4 -iso-propyl mono-substituted quinazoline-2,4-diamines Table 6 Pharmacokinetics of 15 and 40 after ip administration in mice 
